We have investigated the initial oxidation of the Rh(113) and Rh(223) vicinal surfaces by STM and ab initio simulations. Upon adsorption of small amounts of oxygen, the surface morphology is completely altered. Surprisingly, oxygen-stabilized Rh adatoms can be observed on the (113) facets, with oxide-like electronic properties. We present models of these "0D oxide" phases and discuss reasons for their stability.
b S Supporting Information U nderstanding surface reactions at the atomic level is of both fundamental and applied interest in areas as diverse as heterogeneous catalysis and corrosion protection. Oxidation processes at surfaces are particularly important, and it is well-known that the oxidation state of a metal catalyst's surface strongly affects the catalytic behavior. It has been reported that oxidized surfaces of Pt, 1,2 Pd, 3, 4 Rh, 5À7 PtRh, 8 Ru, 9, 10 and nanoparticles 11, 12 are more efficient in the catalytic oxidation of CO than the pure metal surface. Although these reports have been disputed, 13 it becomes increasingly clear that the simple picture of adsorption and reaction of atoms on an unmodified substrate is inadequate in many cases, even for the noble metals of the Pt group, and more information on the surface chemistry of catalytically active metals like Rh is clearly needed.
It has also turned out that understanding only low-index (close packed) single-crystal surfaces is often insufficient because steps can be the active sites for many reaction steps. 14, 15 Vicinal surfaces, that is, surfaces with orientations different from the lowindex directions and with a high step density, provide a bridge over the materials gap between low-index surfaces and nanoparticles or other "real-world" surfaces. It has been shown previously that oxygen adsorption at vicinal surfaces often leads to formation of terraces (facets) with different orientations, 16 ,17 but otherwise, the structures observed were as expected, with O atoms at the steps bound in essentially the same sites as those on the terraces of low-index surfaces. 16À20 With exposure to increasing amounts of oxygen, the structures formed at the steps can be considered one-dimensional (1D) oxides 19 and then 2D oxides (surface oxides) on the terraces, and finally, 3D oxidation of the bulk material sets in.
In this Letter, we report scanning tunneling microscopy (STM) and density functional theory (DFT) results on a new phenomenon related to oxidation, the formation of Rh adatoms forming RhO 2 entities on a vicinal surface. In analogy to 2D and 1D oxides, we call them "0D oxides" because the electronic structure shows clear signs of an oxide, and also, the local bonding geometry of the Rh adatoms is governed by the oxygen. We find that very small amounts of oxygen are sufficient to induce this transformation, less than what would be required for formation of a 1D oxide at steps; therefore, with increasing oxygen coverage, the surface proceeds from 0D via 1D and 2D to 3D oxides. The significance of the 0D oxides is also emphazised by the observation that oxidation also causes the flatter Rh(223) surface (and probably many similar vicinal surfaces) to completely rearrange, forming (113) facets hosting the 0D oxide. With their undercoordinated Rh atoms, we believe that these 0D oxides will be highly reactive, more reactive than any of the Rh bulk oxides (RhO 2 , Rh 2 O 3 ) and the 2D surface oxide of Rh, which reacts at edges and defects only. 21 STM images were recorded in Vienna using a two-chamber ultrahigh vacuum system with a pressure below 1 Â 10 À10 mbar, using the same STM as in refs 19, 22, and 23. The STM was
The Journal of Physical Chemistry Letters LETTER operated in constant current mode at room temperature. The Rh(113) and Rh(223) crystals were cleaned by cycles of Ar + sputtering and annealing to 850°C, occasional oxygen treatments at temperatures up to 825°C in order to remove residual C, and a short anneal in vacuum up to 950°C in order to remove adsorbed O. Thereafter, Auger electron spectroscopy did not show any contaminants such as C and O. For oxidation, O 2 was dosed at a sample temperature between 300 and 450°C with a pressure between 5 Â 10 À9 and 1 Â 10 À8 mbar.
The calculations were performed with the Vienna ab initio simulation package (VASP), 24, 25 using PAW potentials, 26, 27 the PW91 exchangeÀcorrelation functional, 28 and a cutoff energy of 250 eV. The surfaces were modeled by a slab consisting of six layers parallel to the (111) terraces with relaxation of the upper two layers. For the Rh(113) surface, a k-point mesh corresponding to a 24 Â 16 Â 1 mesh for the primitive cell was used. The Bader analysis was performed with the Bader code. 29,30 Figure 1 shows a STM image of the Rh(113) vicinal surface after an oxygen exposure of 0.3 L (1 Langmuir = 1 s at 1 Â 10 À6 Torr). The image displays bright protrusions with two different types of ordering, named "mono-1" and "mono-2". Experiments with different oxygen coverages show that the area ratio between the mono-2 and mono-1 phases increases with increasing oxygen coverage, that is, the mono-2 phase is more oxygen rich. The apparent height of the protrusions is ∼125 pm, almost an order of magnitude more than what would be expected for densityof-states variations induced by oxygen. Comparing this value to the geometric height of a Rh adatom on a (113) surface (115 pm) indicates that the protrusions correspond to Rh adatoms (monomers) sitting directly at the Rh(113) steps. This interpretation is also supported by the fact that the protrusions do not sit on the step edges (ridges weakly visible in small areas without protrusions in Figure 1b ) but between them; see the structure model in Figure 2 . The details of their atomic arrangement will be discussed below. With further increasing oxygen exposure, in addition to the single Rh adatoms discussed so far, we observe Rh ad-dimers on the (113) sample, as shown in Figure 2d ,e.
The same structures also form on a Rh(223) surface, which displays the same step orientation but wider terraces. Both STM images of the clean Rh(223) surface and low-energy electron diffraction (LEED) measurements confirm that the bare Rh(223) terrace does not reconstruct but rather displays the ideal terrace width of 11 Å [see Supporting Information (SI)]. Yet, at oxygen doses around 0.5 L, if the temperature is sufficient for mobility of the substrate atoms, the surface reconstructs, and areas with (111) terraces and larger (113) facets are formed on the surface (see SI); the average (223) orientation remains unchanged. The structures on the (113) facets of the Rh(223) sample are exactly the same as those discussed above; actually, the STM images in Figure 2 were taken on such a sample.
In order to understand the occurrence of the Rh adatoms and the details of the structure, we have performed DFT calculations for varying oxygen and Rh adatom coverages. The energetically favored adatom phases are shown as models together with the corresponding STM simulations in Figure 2b ,c,e. Two oxygen atoms stabilize each Rh ad-monomer, forming a RhO 2 unit, while the remaining parts of the (113) facet are oxygen-free. It should be noted that these structures have oxygen coverages of 1/2 and 2/3 ML on the (113) surface, which corresponds to 4.2 Â 10 18 and 5.6 Â 10 18 atoms m À2 , respectively. These densities would correspond to 1/4 and 1/3 ML on a (111) surface; thus, the RhO 2 units on Rh(113) are already formed at low oxygen coverage, where only simple adsorption phases would be found on flat Rh surfaces, far below the realm of surface or bulk oxide formation. 
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The ad-dimers can be considered the result of coalescence of two RhO 2 monomers. In addition, in the ad-dimer structure, there is space on the (111) terrace for one or two oxygen adatoms per (3 Â 2) cell (Figure 2e ). Thus, by the formation of ad-dimers instead of ad-monomers, a further increase of the oxygen coverage up to 5/6 or 1 ML can be achieved. The distance between the two Rh adatoms in the ad-dimer, 3.05 Å, is close to that in the surface oxide on Rh(111) (3.02 Å 22 ) but clearly different from metallic Rh (2.69 Å), indicating oxide-like properties of the O-stabilized Rh adatoms.
The calculated adsorption energies allow prediction of the phase diagram for oxygen on the Rh(113) surface, and the result is shown in Figure 3 . For each value of the chemical potential μ O , the bottommost line represents the most stable structure, while the dashed lines indicate structures that cannot become thermodynamically stable at any value of μ O 20,31 (see also the SI). The calculations indeed show that the RhO 2 monomers and dimers are more favorable than a mere oxygen adsorption over a wide range of μ O . The glancing intersection of the lines in the phase diagram implies low energy differences of these structures over a wide range of the oxygen chemical potential; thus, it is not astonishing that we usually find a coexistence of these structures in our STM images of Rh(113) and the (113) facets of Rh(223) (Figures 1 and 2) . At higher values of μ O , the energy difference between the densest dimer phase and the p2mg-like adsorption structure (named such because of its zigzag arrangement of oxygen at the Rh ridges; Figure 3 ) vanishes, and we have actually observed this p2mg-like structure at higher oxygen coverage by STM.
When analyzing the density of states (DOS) of the oxygenstabilized Rh adatoms, Figure 4a , we note that they do not exhibit a wide d band with roughly constant DOS like Rh in a metal but a clear splitting into two states, a broad one around E F À 1 eV and a sharp one between À6 and À7 eV. For comparison, Figure 4 shows the DOS of Rh in bulk Rh 2 O 3 and in a structure where oxygen is merely adsorbed on a Rh(111) surface. For the latter, we have chosen a ( √ 3 Â √ 3)R30°-2O unit cell, with O in the usual fcc hollow sites. 33 In this structure, each surface Rh atom has two oxygen neighbors, the same as for the O-stabilized Rh adatoms. The oxygen coverage in this oxygen adsorption structure (1.1 Â 10 19 m À2 ) is higher than that in the RhO 2 monomer phases; nevertheless, the DOS of the RhO 2 monomer is clearly more oxide-like than metallic and even shows a dip where the fully developed bulk oxide has its band gap. The nonzero DOS at the Fermi level is comparable to that of bulk RhO 2 (see SI) and has been also proposed for selected surface terminations of Rh 2 O 3 . 34 We may therefore name this structure a 0D oxide, in analogy to the 1D and 2D oxides already mentioned.
Further support for a difference of character between mere adsorption structures and the 0D oxide comes from an analysis of the charge transfer from a Rh atom to the neighboring oxygen atoms determined on the basis of a Bader analysis (Figure 4a ). It is evident that even for the Rh 2 O 3 bulk oxide the effective charge transfer of 1.22 e is only a fraction of the amount attributed to the formal Rh 3+ charge state, which is a common effect for transitionmetal oxides. 32 It is also clear that the charge of a Rh atom strongly depends on the number of oxygen neighbors, which is six in Rh 2 O 3 , two in the monomer and ( √ 3 Â √ 3)-2O structures, and one in the p(2 Â 1) structure. Among the structures with two O neighbors, Rh in the 0D oxide is clearly more ionic than the simple adsorption structure, and also, the oxygen charges underline this trend, with a value closer to Rh 2 O 3 than to the simple ( √ 3 Â √ 3)-2O adsorption structure. Why is the formation of the 0D oxide on the Rh(113) surface favorable? It is well-known that metal atoms with lower coordination have higher reactivity; thus, oxygen is expected to bind more strongly to the Rh adatoms than to step atoms. In addition, favorable adsorption sites for the oxygen atoms in the 0D oxides help to compensate for the energy costs of having highly undercoordinated Rh adatoms at the surface (Figure 2) . The upper O adatoms binding to each Rh adatom are in three-fold fcc sites, the most stable site on extended Rh(111) terraces. 33 Without any distortion of the Rh lattice, the lower O atoms would be in a fourfold hollow site with one Rh atom missing. Relaxation, that is, mainly a shift of the Rh adatom parallel to the step, also converts this site into a pseudo-three-fold site, similar to the distortion induced by O on Rh(100). 35 From the viewpoint of the Rh atoms, having two O adatoms at opposite sides is an especially favorable configuration (d z 2 bonding; cf. ref 36) . Although the O atoms are not exactly at opposite sides for this structure, altogether, the stronger RhÀO bonding in the Rh adatom structure compared to a simple O overlayer compensates for the energy cost of breaking two RhÀRh bonds required to create a single Rh adatom. The OÀRhÀO angles are found to be 155, 152, and 144°for the mono-1, the mono-2, and the dim-6O, respectively. These values are significantly different from 180°, but the same is true for the 165°bond angle in bulk Rh 2 O 3 .
To our knowledge, the stabilization of single metal adatoms after oxygen exposure has not been reported in the literature so far. However, surface roughening driven by different adsorbates, such as upon CO exposure, has been observed on Pt(110) 37 as well as on vicinal surfaces, 38 including the formation of Pt adatoms. CO must be considered special, however, due to its very strong preference for low coordination of the metal atom to which it binds, culminating in the easy formation of highly volatile carbonyls of some transition metals, a property not shared by transition-metal oxides (with the exception of OsO 4 ). Restructuring including adatom formation was also observed for surfaces of "softer" metals, such as Cu, exposed to organic molecules. 39, 40 Obviously, the energy needed to restructure the surface of a more weakly bound metal is much lower than that for a refractory metal such as rhodium.
Although a few of the details of the mechanism of stabilizing the Rh adatoms seem to be rather specific for the current surface, much of the reasoning explaining the stability of the 0D oxide would apply to other transition-metal surfaces as well, for The Journal of Physical Chemistry Letters LETTER example, bonding to opposite atoms via d z 2-like orbitals or a preference for oxygen for fcc hollow sites. We thus consider it likely that stabilization of atoms with low coordination is not restricted to CO/Pt(110) and O/Rh(113), but we expect this to be a more general feature of open metal surfaces exposed to reactive gases. Finally, our study indicates that nanoparticles used in catalysis do not only change their shapes through interaction with a reactant gas, 20 but also the atomic arrangement on the nanofacets is strongly influenced by adsorption, accompanied by a change of bonding and electronic structure, already at surprisingly low gas pressures.
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